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ABSTRACT 

T h i s  paper w i l l  descr ibe  t h e  r e s u l t s  o f  t h e  f i r s t  phase6 o f  an 

exper imenta l  research program aimed a t  de termin ing  t h e  damage t h a t  would 

be i n f l i c t e d  upon space r a d i a t o r  c o n f i g u r a t i o n s  by t h e  impact o f  a 

meteoroid.  Meteoro id  hazards a r e  discussed, and t h e  present  knowledge 

o f  c r a t e r  f o r m a t i o n  under c o n d i t i o n s  o f  h y p e r v e l o c i t y  impact i s  analyzed. 

The exper imenta l  program was conducted on  t h e  b a l l  i s t  i c s  range f a c i  1 i t i e s  

o f  t h e  General Motors Corpora t ion  Defense Research L a b o r a t o r i e s  i n  Santa 

Barbara, C a l i f o r n i a .  Glass p r o j e c t i l e s  (.016 and ,040 9.) were a c c e l e r a t e d  

t o  h y p e r v e l o c i t i e s  o f  23,000 t o  26,000 f p s  and impacted a g a i n s t  t a r g e t s  

t y p i c a l  o f  r a d i a t o r  m a t e r i a l s  and c o n f i g u r a t i o n s  under s imu la ted  o p e r a t i n g  

c o n d i t i o n s .  The exper iments t e s t e d  r a d i a t o r  tube c o n f i g u r a t i o n s  i n  vacuum, 

~ t r e a t i n g  such v a r i a b l e s  as tube l i n e r ,  tube inner  diameter, armor th ickness  

~ 

and m a t e r i a l ,  o p e r a t i n g  temperature, and ang le  o f  impact. 

Work descr ibed i n  t h i s  paper was c a r r i e d  o u t  under NASA Cont rac t  No. 
NASw-468 under t h e  t e c h n i c a l  d i r e c t i o n  o f  t h e  Flow Processes Branch 
o f  t h e  NASA Lewis Research Center. Acknowledgment i s  made t o  A. R. 
McMi l lan o f  General Motors Corp. f o r  conduct ing t h e  impact f i r i n g s ,  
and t o  N. Clough and 1. J. L o e f f l e r  o f  t h e  NASA Lewis Research Center 
f o r  a s s i s t a n c e  i n  t h e  p r e p a r a t i o n  o f  t h e  t e x t .  
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S i g n i f i c a n t  d i f f e r e n c e s  between hyperveloc t y  impact i n t o  f l a t  p l a t e s  

and i n t o  aluminum and columbium tube c o n f i g u r a t  ons were observed. The 

r e s u l t s  i n d i c a t e d  t h a t  i n t e r n a l  su r face  d i m p l i n g  and s p a l l i n g  should be 

impor tan t  cons ide ra t i ons  i n  rad ia to r '  tube design. 

- - 

2_ DNTRODUCTlON 

T h i s  paper was presented t o  in t roduce t o  Space Power System Designers 

an exper imenta l  research program aimed a t  d e f i n i n g  t h e  meteoro id  hazard t o  

1 
space veh ic les .  I n  a companion paper presented by  Messrs. Loe f f l e r ,  L i e b l e i n ,  

and Clough t o  t h e  ARS Space Power Systems Conference, we were i n s t r u c t e d  i n  

an a n a l y t i c a l  approach t o  t h e  d e f i n i t i o n  and compos i t ion  o f  meteoroids, and 

t h e  a p p l f c a t i o n  o f  t h i s  knowledge t o  the  assessment o f  t h e  meteocoid damage 

problem f o r  waste heat  r a d i a t o r s  o f  space power systems. 

T h e i r  a n a l y s i s  represents  a d e t a i l e d  a p p l i c a t i o n  of t h e  c u r r e n t  concepts 

o f  t h e  n a t u r e  of  meteoro id  behav io r  and t h e i r  impact e f f e c t s .  

i n s i g h t  i n t o  t h e  damage l i k e l y  t o  be i n c u r r e d  by  a meteoro id  c o l l i s i o n  can 

be obta ined,  f o r  example, Prom Ref, 2-4. Un fo r tuna te l y ,  however, t h e r e  i s  

v e r y  l i t t l e  background i n  the  area o f  t h e  phenomena o f  h y p e r v e l o c i t y  meteoro id  

impact under c o n d i t i o n s  l i k e l y  t o  be exper ienced by a space r a d i a t o r .  I n  

p a r t i c u l a r ,  i t  i s  necessary t o  compare t h e  s p e c i f i c  voyage o f  t h e  v e h i c l e  

S p e c i f i c  

and t h e  p r e d i c t e d  meteor hazard aga ins t  a17 e v a l u a t i o n  o f  t h e  impact damage i n  

terms o f :  t h e  r a d i a t o r  m a t e r i a l ;  t he  r a d i a t o r  c o n s t r u c t i o n  and c o n f i g u r a t i o n ;  

t h e  i n - f l i g h t  o p e r a t i o n a l  environment o f  h i g h  m a t e r i a l  temperatures and low 

ambient pressures;  and t h e  r e a c t i o n  of a p ressu r i zed  l i q u i d  o r  gas i n  t h e  tube. 

I n  c o n s i d e r a t i o n  o f  these problem areas, an exper imenta l  research program 

was begun under t h e  d i r e c t i o n  o f  the  NASA-Lewis Research Center t o  assess r h e  

impact damage by a meteoro id  aga ins t  a v a r i e t y  o f  t a r g e t s  s i m u l a t i n g  r a d i a t o r  
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m a t e r i a l s  and c o n f i g u r a t i o n s  under o p e r a t i n g  c o n d i t i o n s  o f  e l e v a t e d  temperature 

and low ambient pressure.  

r e l a t e d  t o  t h e  broad concepts o f  p r o t e c t i n g  r a d i a t o r s  a g a i n s t  damage from 

impact i ng meteor0 i ds. 

The aim o f  the research program i s  t o  o b t a i n  data 

The f i r s t  phase o f  t h e  program was in tended t o  c u r s o r i l y  e x p l o r e  t h e  

n a t u r e  o f  h y p e r v e l o c i t y  impact damage i n  r a d i a t o r  tube c o n f i g u r a t i o n s  t y p i c a l  

o f  a p p l i c a t i o n  t o  space power systems such as SNAP-8. P r e l i m i n a r y  r e s u l t s  o f  

t h i s  f i r s t  phase have been o b t a i n e d  w i t h  aluminum and columbium tube conf ig -  

u r a t i o n  and w i l l  be r e p o r t e d  here in.  

DESCRIPTION OF HAZARD 

The immediate concern t o  t h e  designer o f  a space r a d i a t o r  system 

i s  t h e  l i k e l i h o o d  o f  c o l l i s i o n  w i t h  meteoroids o f  g i v e n  p r o p e r t i e s  i n  

space, and t h e  r e s u l t a n t  damage t h a t  these meteoro ids c o u l d  cause t o  t h e  

system, Since i t  i s  imposs ib le  t o  c o n t r o l  t h e  occurrence o f  meteoro ids 

i n  space, t h e  des igner  must choose p r o t e c t i o n  t h a t  i s  capable o f  p r o t e c t i n g  

a r a d i a t o r  from impact damage by the  l a r g e s t  meteoro id i t  i s  expected t o  

encounter  f o r  a g iven s t a t i s t i c a l  p r o b a b i l i t y  on i t s  s p e c i f i c  f l i g h t  p a t h  

and t i m e  o f  exposure. Consequently, t h e  meteoro id hazard t o  a space 

v e h i c l e  must be considered i n  terms o f  f requency o f  encounter, d i r e c t i o n  

o f  i n f l u x ,  mass d i s t r i b u t i o n ,  r e l a t i v e  v e l o c i t y ,  t h e  p h y s i c a l  p r o p e r t i e s  

o f  meteoroids, and t h e  v u l n e r a b l e  area o f  t h e  r a d i a t o r  and m i s s i o n  time. 

Because o f  t h e  l a r g e  s u r f a c e  areas involved, meteocoids o f  m o s t  v i t a l  

i n t e r e s t  t o  r a d i a t o r  des igners a re  t h e  p a r t i c u l a t e  m a t t e r  i n  t h e  range o f  

mass from 10 t o  grams, l a r g e  enough and f requent  enough t o  be o f  

some hazard. A lso  o f  concern i s  t h e  f i n e r  m a t e r i a l  capable o f  e t c h i n g  t h e  

h i g h  emi t tance c o a t i n g  o f  t h e  r a d i a t o r  sur face.  The techniques used i n  

- 2  
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surrounded by a 

tube segment i s  

c a s t  aluminum a 

(. 020' l  t h i c k ) .  

s leeve o f  i m p a c t - r e s i s t i n g  armor. 

shown i n  f i g u r e  2. The f i n n e d  rad  

t h e  recent  p u b l i c a t i o n s  by Whipple (5) 

which t h e  frequency o f  occurrence o f  meteoroids i n  space have been pred ic ted ,  

i n c l u d e  photographic  and radar  measurements as we1 1 as rocket  and sate1 1 i t e  

measurements. From an a n a l y s i s  o f  these data, i t  was p o s s i b l e  f o r  L o e f f l e r ,  

e t  a l ( l )  t o  assess t h e  meteoro id hazard t o  space r a d i a t o r s  i n  terms o f  t h e  

meteoro id p roper t ies ,  t h e  v u l n e r a b l e  area o f  t y p i c a l  r a d i a t o r  systems, 

miss ion  time, and t h e  a n i s o t r o p i c  meteoro id f l u x  expected f o r  a g i v e n  v e h i c l e  

voyage. 

and by McCracken G Dubin('), by 

Given t h a t  t h e  f requency o f  occurrence o f  meteoroids can be pred ic ted ,  

i t  i s  now necessary t o  d e f i n e  t h e  impact damage l i k e l y  t o  be sus ta ined by 

a g i v e n  r a d i a t o r  design. For space power systems i n v o l v i n g  l i q u i d  metal  

f l u i d s ,  t h e  r a d i a t o r  may appear as i n  f i g u r e  1 .  The f l u i d - c a r r y i n g  tubes 

w i l l  most l i k e l y  be composed o f  a t h i n  c o r r o s i o n - r e s i s t i n g  i n n e r  l i n e r  

A t y p i c a l  r a d i a t o r  f inned-  

a t o r  segment i s  made o f  

l o y  (0.40011 t h i c k )  w i t h  a Haynes A l o y  No, 25 tube l i n e r  

The c r a t e r  shown i n  f i g u r e  2 was caused by a 1/811 diameter 

g l a s s  sphere (0.038 gms) impact ing a t  23,000 fps. The k i n e t i c  energy o f  t h e  

impact ing p e l l e t  i s  c h a r a c t e r i s t i c  o f  meteoro id energ ies  1 i k e l y  t o  be 

encountered i n  space. The c r a t e r  (0.3" deep) d i d  no t  p e r f o r a t e  t h e  tube; 

yet, t h e  i n t e n s e  shock induced beneath t h e  c r a t e r  caused t h e  l i n e r  tube t o  

be dimpled, thus causing a c o n s t r i c t i o n  o f  t h e  i n n e r  diameter o f  t h e  tube. 

T h i s  p a r t i c u l a r  shot was f i r e d  a t  room temperature, hence t h e  aluminum 

armor behaved i n  a s e m i - b r i t t l e  fash ion evidenced by t h e  b r i t t l e  s p a l l a t i o n  

around t h e  p e r i p h e r y  o f  t h e  c r a t e r .  

A p h y s i c a l  d e s c r i p t i o n  o f  the mechanism o f  c r a t e r  f o r m a t i o n  i n  s imple 

p l a t e  t a r g e t s  under normal h y p e r v e l o c i t y  impact i s  now p o s s i b l e  w i t h i n  t h e  
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mode 

s t u d  

s t a t e  o f  t h e  a r t .  

r e l a t i o n s h i p s  have been w e l l  es tab l i shed t o  descr ibe  t h e  phenomena. The 

Much exper imental  data a r e  a v a i l a b l e  and e m p i r i c a l  

t h a t  has been evolved from t h e  combined t h e o r e t i c a l  and exper imenta l  

es by many researchers has been i l l u s t r a t e d  schemat ica l l y  i n  Ref. 4. 

A l though t h e r e  e x i s t s  no d e t a i l e d  mathematical  t h e o r y  by which t o  

d e s c r i b e  t h e  phenomena o f  normal h y p e r v e l o c i t y  impact, many r e l a t i o n s h i p s  

have been e s t a b l i s h e d  and v e r i f i e d  exper imenta l l y .  These r e l a t i o n s h i p s  

w i l l  be discussed and t h e i r  a b i l i t y  t o  a c c u r a t e l y  p r e d i c t  r e s u l t a n t  c r a t e r  

volumes w i l l  be noted. The most impor tant  o f  t h e  phenomena observed i n  

p rev ious  s t u d i e s  i s  t h a t  a l i n e a r  r e l a t i o n s h i p  e x i s t s  between t h e  volume 

o f  t h e  c r a t e r  r e s u l t i n g  f rom h y p e r v e l o c i t y  impact and t h e  energy o f  t h e  

impact ing  p r o j e c t i l e .  The importance o f  r e s i s t a n c e  o f  t h e  t a r g e t  t o  shear 

de format ion  a t  h i g h - s t r a i n  r a t e s  i s  seen t o  be a c o n t r o l l i n g  parameter t o  

t h e  f i n a l  c r a t e r  volume. For example, t h e  B r i n e l l  Hardness Number was 

found t o  p r o v i d e  a s u r p r i s  n g l y  good c r i t e r i o n  f o r  a s s i g n i n g  a v a l u e  t o  

t h e  s t r e n g t h  o f  t h e  t a r g e t  However, o t h e r  s i g n i f i c a n t  s t r e n g t h  parameter 

c o r r e l a t i o n s  may be determ ned. 

S ince space r a d i a t o r s  may be o p e r a t i n g  a t  temperatures f rom 500°F t o  

2000°F, t h e  e f f e c t s  o f  changing t a r g e t  temperature w i l l  be seen i n  an 

inc rease i n  t h e  r e s u l t a n t  damage. 

t h e  e f f e c t s  o f  increased t a r g e t  temperature. Therefore, i t  w i l l  be 

necessary t o  t e s t  space r a d i a t o r  tubes under s imulated o p e r a t i n g  c o n d i t i o n s  

i n  o r d e r  t h a t  a proper  a p p r a i s a l  may be made o f  t h e  dam2ge which has been 

e f f e c t e d .  

Resul ts  shown i n  Ref. 4 demonstrate 
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EXPER I MENTAL PROGRAM 

e 

The o v e r a l l  o b j e c t i v e s  o f  t h e  NASA r a d i a t o r  p r o t e c t i o n  program a r e  

t h r e e f o l d :  f i r s t ,  t o  de f ine  t h e  p r i n c i p a l  damage mechanisms i n v o l v e d  i n  

t h e  h y p e r v e l o c i t y  impact o f  p a r t i c l e s  a g a i n s t  r a d i a t o r  tubes; second, t o  

e v a l u a t e  t h e  r e l a t i v e  e f f e c t i v e n e s s  o f  v a r i o u s  p r o t e c t i o n  methods and 

concepts; and t h i r d ,  t o  conduct a systemat ic  s tudy  o f  t h e  s i g n i f i c a n t  

parameters i n v o l v e d  so t h a t  a l a r g e  body o f  r e a l i s t i c  des ign data c o v e r i n g  

a wide range o f  a p p l i c a t i o n s  can be obtained. Wherever poss ib le ,  t h e  

exper imenta l  work w i l l  deal w i t h  r e a l i s t i c  tube t a r g e t s  o f  a p p l i c a b l e  

m a t e r i a l s  and c o n f i g u r a t i o n s  a t  temperatures and i n  environments charac ter -  

i s t i c  o f  t h e  r a d l a t o r  des ign operat ion.  

I n  general,  two b a s i c  p r o t e c t i o n  concepts o r  approaches a r e  c u r r e n t l y  

1 
be ing  considered i n  r a d i a t o r  des ign . The f i r s t ,  and more popu lar  i s  t h e  

s o l i d  armor approach i n  which a mass o f  m a t e r i a l  i s  used t o  surround t h e  

f l u i d  c a r r y i n g  members. I n  t h i s  case, t h e  des ign problem i s  t o  a l l o w  fo r  

j u s t  enough mass ( i .e. th ickness)  t h a t  w i l l  p revent  a p r e d e f i n e d  damage 

t o  t h e  c o n f i g u r a t i o n .  I n  t h e  second approach, c a l l e d  t h e  bumper approach, 

v a r i o u s  d i s p l a c e d  s h i e l d e d  c o n f i g u r a t i o n s  a r e  u t i 1  i z e d  t o  accompl i s h  t h e  

same o b j e c t i v e .  For purposes o f  programming, v a r i o u s  composite c o n f i g u r a t i o n s  

w i l l  a l s o  be inc luded i n  t h i s  category. The bumper concepts, f o r  e f f e c t i v e  

eva lua t ion ,  however, must a l s o  inc lude c o n s i d e r a t i o n  o f  t h e  e f f e c t s  o f  

heat  t r a n s f e r  impedance. 

I n  t h e  e f f o r t  conta ined i n  the  present  program i n i t i a l  work has been 

d i r e c t e d  toward an exper imental  study o f  t h e  armor p r o t e c t i o n  approach. 

The armor approach was undertaken f i r s t  because i t  was f e l t  t h a t  t h e  l a r g e  

ahiount o f  s u p p o r t i n g  data a v a i l a b l e  f rom f l a t  p l a t e  f i r i n g s  would enhance an 

e a r l y  g e n e r a t i o n  o f  usab le  des ign data. An e x p l o r a t o r y  s e t  o f  f i r i n g s  i n t o  
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armored tube c o n f i g u r a t i o n s  was t h e r e f o r e  s e t  up t o  i n v e s t i g a t e  tube damage 

phenomena ( c r a t e r i n g  and i n t e r n a l  s p a l l i n g )  and d e f i n e  t h e  impor tant  v a r i a b l e s  

invo lved.  It was a l s o  hoped t o  o b t a i n  a general  grasp o f  r e a l  tube e f f e c t s  

t o  a i d  i n  t h e  d i r e c t i o n  and d e t a i l i n g  o f  t h e  subsequent e f f o r t .  

t h e  t a r g e t s  and c o n d i t i o n s  p r e s c r i b e d  for  t h i s  f i r s t  phase were taken 

c h a r a c t e r i s t i c  o f  c u r r e n t  r a d i a t o r  system designs such as SNAP-8, so t h a t  any 

s i g n i f i c a n t  r e s u l t s  o b t a i n e d  c o u l d  f i n d  immediate a p p l i c a t i o n .  

I n  a d d i t i o n ,  

For armored tubes, t h e  p r i n c i p a l  v a r i a b l e s  expected t o  i n f l u e n c e  

damage are:  armor m a t e r i a l  and thickness, temperature, i n n e r  ( c o r r o s i o n  

r e s i s t i n g )  l i n e r  m a t e r i a l  and thickness, ang le  o f  impact, and i n t e r n a l  

f l u i d  ( l i q u i d  o r  gas). 

t o  i n c l u d e  most o f  these var iab les .  

c a s t  aluminum armor on a HS-25 inner  l i n e r  and s o l i d  columbium - 1% z i rcon ium 

a l l o y  tubes. The s p e c i f i c  shots c a l l e d  f o r  i n  t h i s  f i r s t  phase a r e  o u t l i n e d  

i n  Table I ,  I t  was in tended to  conduct these f i r i n g s  w i t h  3/32" d iameter  

g l a s s  p r o j e c t i l e s  a t  a nomina l l y  constant  v e l o c i t y .  Equ iva len t  p r o t e c t i o n  

th icknesses f o r  t h e  aluminum and columbium tubes were determined accord ing  

t o  t h e  impact r e l a t i o n s  o f  Ref. 1 ,  

The f i r s t  phase o f  t h e  program ,was t h e r e f o r e  s e t  up 

Tube c o n f i g u r a t i o n s  used were 356-T51 

EXPERl MENTAL TECHNI QUES 

Range and Mon i to r ing  I n s t r u m e n t a t i o n  

A l l  o f  t h e  t e s t s  t o  da te  were conducted on a b a l l i s t i c s  range, which 

i s  f u l l y  descr ibed i n  GM-DRL Report ER-62-201A . The b a s i c  equipment c o n s i s t s  

o f  a gun, a 20 foo t  f r e e - f  1 i g h t  range, and an impact chamber. The 0.22" 

c a l i b e r  a c c e l e r a t e d - r e s e r v o i r  l i g h t - g a s  gun i s  shown i n  Fig. 3. Wi th  t h i s  

gun, i t  was p o s s i b l e  t o  launch c y l i n d r i c a l  p l a s t i c  models t o  v e l o c i t i e s  o f  

32,800 fps, o r  saboted metal or g lass spheres t o  v e l o c i t i e s  o f  28,000 fps. 

7 
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The a c c e l e r a t e d - r e s e r v o i r  l i g h t - g a s  gun c o n s i s t s  o f  a combustion 

chamber i n  which smokeless powder ( I M R  Ser ies)  i s  used t o  a c c e l e r a t e  a 

p o l y e t h y l e n e  pump p i  s ton  down a 20 f o o t  long, 1 inch  1 .  D. pump tube; and, 

i n  so doing, t h e  p i s t o n s  compress hydrogen as t h e  d r i v e r  gas t o  a p ressure  

o f  n o m i n a l l y  20,000 t o  30,000 ps i .  A t  t h i s  pressure, a break v a l v e  opens 

a t  t h e  f r o n t  end o f  t h e  h i g h  pressure coupl ing,  thus r e l e a s i n g  t h e  hydrogen 

gas i n t o  t h e  launch tube behind t h e  model. As t h e  model begins i t s  t r a v e l  

i n  t h e  4l l o n g  launch tube, t h e  pump p i s t o n  e n t e r s  t h e  tapered s e c t i o n  o f  

t h e  h i g h  pressure  coupl ing.  The f r o n t  face  o f  t h e  pump p i s t o n  i s  accelerated,  

thus  m a i n t a i n i n g  a cons tan t  base pressure behind t h e  model d u r i n g  launch. 

The p r o j e c t i e l  i s  launched i n t o  t h e  f l i g h t  range and t r a v e l s  20 f e e t  b e f o r e  

impact ing t h e  t a r g e t .  P r i o r  t o  impact, t h e  p r o j e c t i l e  t r a v e l s  th rough a 

surge chamber ( i n  which t h e  model i s  separated from t h e  sabot)  then i n t o  

t h e  v e l o c i t y  chamber. Here, t h e  p o s i t i o n  and t i m e  o f  f l i g h t  o f  t h e  pro-  

j e c t i  l e  a r e  recorded a t  each o f  t h r e e  spark sbadowgraph s t a t i o n s  ( t h e  

octagonal  chamber shown i n  Fig. 4), When t h e  model i n t e r r u p t s  a photo 

beam, e l e c t r o n i c  counters  a r e  started, and a s h o r t  d u r a t i o n  spark i s  se t  

o f f ,  exposing a f i l m  p l a t e .  The measurements o f  t i m e  and d i s t a n c e  between 

s t a t i o n s  serve t o  determine t h e  v e l o c i t y  o f  t h e  p r o j e c t i l e  a long i t s  

t r a j e c t o r y  and i n  p a r t i c u l a r ,  a t  the t a r g e t .  The accuracy o f  t h e  impact 

v e l o c i t y  determined i n  t h i s  manner i s  b e t t e r  than 1.0%. 

The model f l i g h t  i s  te rmina ted  i n  a s p e c i a l l y  c o n s t r u c t e d  impact 

chamber (Fig. 4) which has s i x  v iewing p o r t s .  Two l a r g e  windows a r e  

l o c a t e d  i n  o p p o s i t e  s ides  o f  the  t a r g e t  area, and f o u r  smal le r  windows a r e  

l o c a t e d  on t h e  f r o n t  o f  t h e  chamber. The f u l l  s i z e  door a c t s  as t h e  r e a r  w a l l  

o f  t h e  chamber, t o  a l l o w  easy i n s e r t i o n  and removal o f  t h e  t a r g e t s .  The 

t a r g e t s  a r e  h e l d  by a mount s i t t i n g  on  two r a i l s  on t h e  f l o o r  o f  t h e  chamber. 
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T h i s  des ign a l l o w s  pJ,acement o f  t h e  t a r g e t  a t  a u n i f o r m  l o n g i t u d i n a l  

p o s i t i o n  w i t h  respect  t o  the  v iewing  por ts .  A v a r i e t y  of t a r g e t s  can 

be accommodated. 

Since t h e  i n v e s t i g a t i o n  o f  t h e  damage t o  a r a d i a t o r  t a r g e t  r e q u i r e s  

t h a t  t h e  t a r g e t s  be impacted w h i l e  under a s imu la ted  space environment, i t  

was necessary t o  conduct t h e  t e s t s  w i t h  t h e  t a r g e t  a t  an e l e v a t e d  temperature 

and w h i l e  i n  a s imu la ted  space environment o f  low ambient pressure.  A t y p i c a l  

t a r g e t  h o l d e r  w i t h  t h e  heater  elements i s  shown i n  F ig .  5. T h i s  t a r g e t  h o l d e r  

p e r m i t t e d  t h e  mount ing o f  t h e  r a d i a t o r  segments and heat ing  them t o  tempesa- 

t u r e s  up t o  1500°F. The requirement f o r  low ambient pressures was met by 

s e a l i n g  t h e  impact and v e l o c i t y  chambers and pumping down t o  pressures o f  

l e s s  than 1 m i l l i m e t e r  o f  Hg. A i r S  o r  any number o f  d e s i r e d  gas mixtures,  

can be in t roduced i n t o  t h e  chambers a s  t e s t  medium. I n  o r d e r  t o  prevent  

o x i d a t i o n  o f  t h e  heated t a r g e t s  i n  these t e s t s ,  he l ium was used as t h e  t e s t  

gas. An A lphat ron  vacuum gage, c a l i b r a t e d  f o r  he l ium gas, p r o v i d e d  a c c u r a t e  

p ressure  measurements w i t h i n  t h e  chambers. 

Photographic  equipment was used t o  m o n i t o r  t h e  impact phenomena. A 

Beckman G W h i t l e y  Model 192 f raming camera, capable o f  f raming r a t e s  as h i g h  

as 1.4 m i l l i o n  frames per  second was used t o  p r e c i s e l y  record  t h e  incoming 

p r o j e c t i l e  v e l o c i t y ,  t h e  phenomena o f  impact f lash ,  and t h e  motion, v e l o c i t y ,  

and i n  a rough sense, t h e  q u a n t i t y  o f  m inu te  p a r t i c l e s  be ing e j e c t e d  from t h e  

c r a t e r .  Wi th  t h i s  camera, i t  was a lao  p o s s i b l e  t o  observe, i n  a p lane across 

t h e  s u r f a c e  o f  t h e  t a r g e  , the growth o f  t h e  c r a t e r  i n  time. A t y p i c a l  B & b 

sequence o f  a 1/8 i n c h  g ass sphere impact ing  a space r a d i a t o r  segment a t  

23,000 fps  i s  shown i n  F g. 6. 
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The B a l l i s t i c s  Range i s  a l s o  equipped w i t h  f o u r  channels o f  f l a s h  

r a d i o g r a p h i c  equipment, capable o f  v iewing t h e  impact a t  any f o u r  pre-  

s e l e c t e d  t imes d u r i n g  t h e  c r a t e r  format ion (Fig. 4). Each X-ray p u l s e  

i s  0.07 sec, i n  d u r a t i o n  a t  a peak ou tpu t  o f  100 KV a t  1400 amperes. 

F lash  X-ray i n s t r u m e n t a t i o n  i s  p a r t i c u l a r l y  use fu l  t o  "see" through t h e  

e j e c t a  d e b r i s  from t h e  c r a t e r  t o  determine t h e  composi t ion o f  t h e  d e b r i s ;  

i.e., vapor o r  s o l i d  p a r t i c l e s .  The combinat ion o f  X-ray and t h e  B & W 

camera o p t i c a l  r e c o r d  (Fig. 6) p rov ide  a d e t a i l e d  p i c t o r i a l  r e c o r d  o f  t h e  

process o f  c r a t e r  format ion.  For the  purpose o f  b r e v i t y ,  a t y p i c a l  f l a s h  

rad iograph i s  n o t  inc luded here. 

Target  Prepara t ion  

The assessment of t a r g e t  damage t o  t h e  space r a d i a t o r  i s  complex a n d  

r e q u i r e s  p r e c i s e  d e f i n i t i o n .  Pr ior  t o  t e s t i n g  any o f  the  ta rge ts ,  each 

t a r g e t  was c l a s s i f i e d  accord ing  t o  both m a t e r i a l  p r o p e r t i e s  (as i n d i c a t e d  

by t h e  manufac turer ' s  s p e c i f i c a t i o n )  and by examinat ion o f  t h e  c o n d i t i o n  

o f  t h e  m a t e r i a l .  Since t h e  t e s t s  were aimed a t  s i m u l a t i n g  a c t u a l  o p e r a t i n g  

cond i t ions ,  each t a r g e t  was annealed f o r  e i g h t  hours a t  t h e  t e s t  temperature 

p r i o r  t o  f i r i n g  t h e  shot. I n  t h e  t e s t s  conducted thus far,  t h e  annea l ing  

and t e s t  temperature was 700°F. This  p r e - f i r i n g  heat  t reatment  procedure 

was s i g n i f i c a n t  i n  t h a t  t h e  aluminum t a r g e t s  undergo a phase change a t  700°F 

a f t e r  severa l  hours anneal, r e s u l t i n g  i n  seducing t h e  B r i n e l l  Hardness number 

from a nominal 52 t o  a va lue  o f  20. The BHN i s  used here a s  a measure o f  

t h e  s t r e n g t h  o f  t h e  m a t e r i a l ;  hence, t h e  lower t h e  BHN, the  more damage i s  

l i k e l y  t o  be caused on impact 

t o  room temperature and t h e  damage assessed. 

4 Following t h e  shot, t h e  t a r g e t s  were coo led  
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EXPERIMENTAL RESULTS 

A complete t a b u l a t i o n  o f  t h e  r e s u l t s  and i d e n t i f y i n g  parameters f o r  aTT 

data shots  f i r e d  i n  c o n j u n c t i o n  w i t h  the  i n i t i a l  phase o f  t h e  program i s  

g i v e n  i n  t a b l e  1 1 .  

t o  t h e  o r i g i n a l  sur faces as shown i n  Fig. 7. 

C r a t e r  depth and d imple h e i g h t  were de f ined w i t h  respect  

I n  a d d i t i o n  t o  measurements o f  c r a t e r  depth and diameter, t a r g e t s  

were sec t ioned to  show t h e  e x t e n t  and n a t u r e  o f  t h e  damage. To a s s i s t  i n  

t h e  r e p o r t i n g  o f  t h e  observed damage, a damage e v a l u a t i o n  code was 

e s t a b l i s h e d  as shown i n  Fig. 8. The f i r i n g s  r e p o r t e d  i n  t a b l e  I I  i n c l u d e  

most o f  t h e  s p e c i f i c  shots  c a l l e d  f o r  i n  t a b l e  I and a d d i t i o n a l  e x p l o r a t o r y  

o r  development shots  i n t o  t h e  sub jec t  t a r g e t s  t h a t  supply  u s e f u l  in fo rmat ion .  

The v e l o c i t i e s  achieved were i n  t h e  range from 23,000 t o  26,000 fps. The 

o f  2.7 gm/cc. 

1 1  be descr ibed under two major 

t a t i v e  observa t ions  and comparisons. 

onset  o f  s p a l l  w i l l  be made i n  

p r o j e c t i l e s  used had a nominal d e n s i t y  

The a n a l y s i s  o f  t h e  exper iments w 

headings. The f i r s t  w i l l  i n c l u d e  qual 

Q u a n t i t a t i v e  assessment o f  c r a t e r  depth and 

a succeeding sec t ion .  

Q u a l i t a t i v e  Observat ons 

Mass sca l ing .  - F i r s t ,  meteoro id mass c a l i n g  e f f e c t s  a r e  considered 

by comparing t h e  damage caused by impact o f  tw p r o j e c t i l e s ,  one a 3/32" 

g l a s s  sphere, t h e  second a 1/8" g lass sphere, each impact ing an aluminum- 

armored HS-25 tube a t  a nominal v e l o c i t y  o f  23,250 f t / sec .  (Fig. 9 ) .  The 

t a r g e t s  were a t  an average environmental o p e r a t i n g  temperature o f  715°F. 

These p r o j e c t i l e s ,  weighing 0.016 and 0.040 grams r e s p e c t i v e l y ,  f a l l  i n t o  

t h e  meteoro id  mass-frequency d i s t r i b u t i o n  area o f  i n t e r e s t  f o r  r a d i a t o r s  

(Ref. 1 ) .  
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I n  Fig. 9 t h e  3/32" g l a s s  sphere d i d  no t  p e r f o r a t e  t h e  armor, b u t  d i d  

cause a d i m p l i n g  o f  t h e  i n n e r  1 i ner .  

hand, produced a l a r g e r  c r a t e r  diameter and complete p e r f o r a t i o n  o f  t h e  

aluminum armor and t h e  HS-25 l i n e r .  

temperature and p r o j e c t i l e  densi ty ,  the " b a l l i s t i c  1 i m i t "  o f  t h i s  c o n f i g u r a t i o n  

can be d e f i n e d  as be ing  between a meteoro id k i n e t i c  energy o f  3 . 4 2 ~ 1 0 ' ~  t o  

The 1/811 g l a s s  sphere, on t h e  o t h e r  

Hence, under these c o n d i t i o n s  o f  t a r g e t  

8 . 5 ~ 1 0 '  ft-1 bs. 

Target  temperature. - Al though i t  was shown i n  Ref. 4 t h a t  by 

t h e  t a r g e t  temperature one c o u l d  achieve g r e a t e r  damage t o  a s imple 

ncreas 

meta 1 

p l a t e  ta rge t ,  i t  was n o t  known how the increased temperature would a f f e c t  a 

composi te t a r g e t  such as those se lected f o r  these t e s t s .  I n  one t e s t ,  a 1/811 

g l a s s  sphere was f i r e d  a t  an average v e l o c i t y  o f  23,300 f t / s e c .  i n t o  each o f  

two ta rge ts ,  one a t  room temperature, t h e  o t h e r  a t  700°F (Fig. 10). I n  bo th  

cases t h e  r a d i a t o r  complex was per fo ra ted .  However, i n  t h e  case o f  t h e  t a r g e t  

a t  7OO0F, t h e  c r a t e r  area was grea ter  than f o r  t h e  t a r g e t  a t  room temperature.  

I n  a d d i t i o n ,  t h e  t a r g e t  a t  room temperature e x h i b i t e d  evidence o f  b r i t t l e  

spa1 1 i n g  around t h e  p e r i p h e r y  o f  t h e  c r a t e r  i n d i c a t i v e  o f  t h e  g r e a t e r  hardness 

( r e f l e c t e d  by t h e  B r i n e l l  hardness number) f o r  lower d u c t i l i t y  o f  t h e  m a t e r i a l .  

Aluminum t a r g e t s  impacted by a 3/32" g l a s s  sphere a t  400°F temperature 

and a t  700°F a r e  shown i n  Fig.  1 1 .  The inc rease i n  temperature r e s u l t e d  i n  an 

inc rease i n  bo th  c r a t e r  depth and diameter ( c r a t e r  volume), but  d i d  n o t  a f f e c t  

t h e  h e i g h t  o f  t h e  d imple i n  t h e  l i n e r .  Sect ions o f  these t a r g e t s  taken a t  t h e  

c e n t e r  o f  t h e  c r a t e r  a r e  shown on the r i g h t  o f  Fig. 1 1 .  Again, t h e  more d u c t i l e  

n a t u r e  o f  t h e  c r a t e r  a t  t h e  h i g h e r  temperature i s  observed. 

Impact anqle. - The nex t  v a r i a b l e  known t o  s e r i o u s l y  a f f e c t  t h e  damage 

sus ta ined by a t a r g e t  under h y p e r v e l o c i t y  impact i s  t h a t  o f  t h e  a t t a c k i n g  

a n g l e  o f  t h e  p r o j e c t i l e  t o  t h e  ta rge t .  i n  Fig.  12 i s  seen t h e  r e s u l t s  o f  a 
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3/32" g l a s s  sphere impact ing aluminum armor t a r g e t s  a t  27" and 70" f rom t h e  

normal a t  24,900 fps a t  room temperature ( the  photographs were taken normal 

t o  t h e  r e s u l t a n t  c r a t e r ) .  Obl ique impacts a t  t w o  angles f o r  aluminum armor 

t a r g e t s  a t  700°F a r e  shown i n  Fig.  13. Several impor tant  r e s u l t s  should be 

p o i n t e d  out.. F i r s t ,  a l l  o f  t h e  c r a t e r s  appear hemispher ica l ,  thus a s s u r i n g  

t h a t  t h e  impacts were t y p i c a l  o f  t h e  h y p e r v e l o c i t y  impact regime. Secondly, 

t h e  depths o f  p e n e t r a t i o n  and :he r e s u l t i n g  c r a t e r  volumes decrease as t h e  

impact angle increases. According t o  p rev ious  i n v e s t i g a t i o n s  w i t h  p l a t e  

t a r g e t s  (Refs. 4 E 8), these e f f e c t s  cqn be accounted f o r  e m p i r i c a l l y  by 

measuring t h e  energy o f  t h e  a t t a c k i n g  p r o j e c t i l e  i n  terms o f  i t s  normal 

component o f  v e l o c i t y .  Hence, a s  the ang le  o f  ob1 i q u i  t y  i s  ncreased, t h e  

energy o f  t h e  p r o j e c t i l e  and corresponding depth o f  p e n e t r a t  on should 

d i m i n i s h  w i t h  t h e  cos ine  o f  t h e  angle o f  impact. 

The phenomena o f  reduced p e n e t r a t i o n  w i t h  ang le  o f  o b l i q u i t y  was a l s o  

observed f o r  t h e  columbium tube t a r g e t s  (Fig. 14). The r e s u l t s  o f  Fig. 14 

add f u r t h e r  v e r i f i c a t i o n  t o  t h e  observa t ion  t h a t  as long as t h e  normal 

v e l o c i t y  o f  t h e  p r o j e c t i l e  does n o t  fa1 1 below t h a t  r e q u i r e d  f o r  h y p e r v e l o c i  t y  

c r a t e r i n g ,  t h e  r e s u l t a n t  c r a t e r  w i l l  be a hemisphere a l though much reduced 

i n  volume. 

I n t e r n a l  damage. - I t  was i n d i c a t e d  e a r l i e r  t h a t  r a d i a t o r  tube des ign 

should a l s o  be concerned w i t h  t h e  p o s s i b i l i t y  o f  i n t e r n a l  damage e f f e c t s  

such as s p a l l i n g  and d i m p l i n g  even i n  t h e  absence o f  a p e n e t r a t i o n  o f  t h e  tube 

w a l l .  The e x i s t e n c e  o f  such e f f e c t s  i n  columbium and aluminum tubes were 

indeed v e r i f i e d  as i n d i c a t e d  i n  Fig. 15. The d e l e t e r i o u s  e f f e c t s  r e s u l t i n g  

f rom t h e  i n j e c t i o n  o f  s p a l l e d  fragments o r  t h e  c o n s t r i c t i o n  o f  t h e  f l u i d  

f l o w  cannot be disregarded. I t i s  n o t  s u f f i c i e n t ,  there fore ,  t o  mere ly  

observe t h e  c r a t e r  and measure depth o f  p e n e t r a t i o n  i n  assess ing t a r g e t  
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impact damage f o r  a p p l i c a t i o n  t o  r a d i a t o r  tube c o n f i g u r a t i o n s .  

Inner  l i n e r .  - The b e n e f i c i a l  e f f e c t s  o f  hav ing  an inner  l i n e r  can be 

seen i n  Fig, 16. 

t h e  second t a r g e t  had no l i n e r ,  b u t  the aluminum armor was made t h i c k e r ,  t hus  

keeping the  weight cons tan t .  The inner HS-25 l i n e r ,  a l t hough  dimpled on t h e  

inside, prevented s p a l l i n g  o f  metal i n t o  t h e  tube. Even when t h e  p r o j e c t i l e  

s i z e  was increased t o  a 1/8 i nch  sphere, s p a l l i n g  was s t i l l  prevented by t h e  

l i n e r ,  a l though t h e  d i m p l i n g  was more severe, as shown on the  r i g h t  i n  Fig.  15. 

A tough inne r  l i n e r  i s  t h e r e f o r e  o f  utmost importance i n  p r e v e n t i n g  spa11 

p a r t i c l e s  from be ing  e j e c t e d  i n t o  the c o o l a n t - c a r r y i n g  f l u i d .  

One t a r g e t  was 1 ined w i t h  a 020 i n c h  t h i c k  Haynes 25 1 iner ,  

A t y p i c a l  impact c r a t e r  s e c t i o n  o f  an aluminum t a r g e t  w i t h  an HS-25 

l i n e r  i s  shown i n  Fig.  17. Here, t h e  s p a l l i n g  o f  t h e  armor m a t e r i a l  beneath 

t h e  c r a t e r  i t s e l f  can be c l e a r l y  seen, i n  a d d i t i o n  t o  t h e  dimpled HS-25 l i n e r  

and t h e  de lamina t ing  t h a t  has occurred between t h e  l i n e r  and the armor. The 

manner i n  which t h e  s t e e l  l i n e r  r e s t r i c t s  the  f l a k i n g  and b reak ing  away o f  t h e  

- 

s p a l l e d  p a r t  c l e s  i s  c l e a r l y  depicted. O f  a much more s u b t l e  n a t  

de lamina t ing  t h a t  has occur red  a t  a d i s t a n c e  f a r  removed from t h e  

s e c t i o n  i t s e  f. A c lose-up view o f  p o i n t s  A and B i n  F ig .  17 can 

i n  Fig. 18. Here a t  a m a g n i f i c a t i o n  o f  120X and 300X, r e s p e c t i v e  

c r a t e r  s e c t i o n  a t  p o i n t s  A and B can be seen i n  d e t a i l .  A t  p o i n t  

re, i s  t h e  

dimpl ed 

be seen 

Y 7  t he  

A severe 

de lamina t ing  has occur red  due t o  the f a c t  t h a t  t h e  s t e e l  l i n e r  was p u l l e d  

away from t h e  armor, and t h e  bonding m a t e r i a l  f a i l e d .  Sec t i on  B shows 

another  i n t e r e s t i n g  observa t ion .  Here, i t  i s  b e l i e v e d  t h a t  some de lamina t ing  

i s  no t  assoc ia ted  w i t h  t h e  fo rmat ion  o f  t h e  c r a t e r ,  bu t  ra ther ,  a f a i l u r e  o f  

t h e  bond d u r i n g  f a b r i c a t i o n  o f  t h e  r a d i a t o r  sec t i on .  The d i f f e r e n t  

c o e f f i c i e n t s  o f  expansion o f  aluminum and HS-25 no doubt r e s u l t e d  i n  a 
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poor bond, s i n c e  t h i s  e f f e c t  was observed 

t o  conduct ing t h e  impact experiments. De 

i n  a l l  

ami na t  

o f  t h e  t a r g e t  sec t ions  p r i o r  

on  can a f f e c t  r a d i a t o r  

performance b y  reducing s e c t i o n  s t r e n g t h  and heat  t r a n s f e r  p r o p e r t i e s ,  

Tube e f f e c t .  - I n  a p p l i c a t i o n s  o f  c r a t e r i n g  data t o  r a d i a t o r  tube design, 

i t  has been assumed t h a t  t h e  depth of  p e n e t r a t i o n  i n  f l a t  p l a t e  t a r g e t s  i s  

r e p r e s e n t a t i v e  o f  t h e  p e n e t r a t i o n  i n t o  tube w a l l s  o f  i d e n t i c a l  th ickness.  

T h i s  was n o t  found t o  be t h e  case, and a s i g n i f i c a n t  e f f e c t  o f  tube r a d i u s  

on impact damage was observed. F igure 19 shows impact i n t o  a columbium f l a t  

p l a t e  ( r a d i u s  =a) and i n t o  a 0.46 I . D .  columbium tube o f  t h e  same w a l l  

t h i c k n e s s  under i d e n t i c a l  t e s t  cond i t ions .  Complete suppression o f  s p a l l a t i o n  

was found i n  t h e  case o f  t h e  tube, a l though t h e  depths o f  p e n e t r a t i o n  were 

e s s e n t i a l l y  t h e  same. A s i m i l a r  r e s u l t  was o b t a i n e d  f o r  an u n l i n e d  aluminum 

tube as shown i n  Fig.  20. The r e s u l t s  show t h e  t u b u l a r  s e c t i o n  n o t  per fo ra ted ,  

y e t  t h e  f l a t  p l a t e  was comple te ly  per forated.  A more dramat ic  example o f  

t h e  tube r a d i u s  e f f e c t  w i t h  t h e  c a s t  aluminum i s  shown i n  Fig.  21. The 

s e c t i o n  photographs show t h e  r e s u l t s  o f  impact i n t o  tubes o f  w i d e l y  d i f f e r e n t  

i n s i d e  diameters, (2.5 and .125 i n . )  under i d e n t i c a l  impact c o n d i t i o n s  and 

equal w a l l  th icknesses. 

The a b i l i t y  o f  t h e  t u b u l a r  t a r g e t  shape t o  s u s t a i n  t h e  impact damage i s  

b e l i e v e d  t o  stem from t h e  f a c t  t h a t  t h e  shock propagat ion  through t h e  c i r c u l a r  

s e c t i o n  i s  a f f e c t e d  by more f r e e  surface. Consequently, t h e  r a r e f a c t i o n  waves 

which a c t  t o  d i m i n i s h  t h e  i n t e n s i t y  o f  t h e  t r a n s i e n t  p ressure  p u l s e  r e a c t  

more q u i c k l y ,  thus weakening t h e  shock, and consequent ly  d i m i n i s h i n g  i t s  

a b i l i t y  t o  cause spa11 on t h e  under surface. 

e f f e c t  i s  v e r i f i e d  by f u r t h e r  data, i t  would i n d i c a t e  c o n s i d e r a b l e  advantage 

i n  u s i n g  small  d iameter tubes. S m a l l  i n n e r  d iameter  r e s u l t s  i n  l e s s  r e q u i r e d  

I f  t h i s  observed tube r a d i u s  
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p r o t e c t i o n  th ickness, smal le r  vu lnerab le  area ( tube o u t e r  d iameter)  and 

lower tube weight f o r  a g i v e n  thickness. 

P r o t e c t i o n  c r i t e r i o n .  - The f i n a l  q u a l i t a t i v e  comparison t o  be drawn 

from t h e  exper iments conducted i s  the  e f f e c t  o f  damage p r o t e c t i o n  c r i t e r i o n .  

F i g u r e  22 shows an impacted columbium tube and a tube o f  aluminum armor and 

HS-25 l i n e r  designed f o r  approx imate ly  equal weight  o f  p r o t e c t i v e  th ickness.  

The poorer  performance o f  t h e  columbium a l l o y  on t h i s  b a s i s  i s  ind ica ted .  

F i g u r e  23 shows t h e  r e s u l t s  o f  impact i n t o  columbium and l i n e d  aluminum tubes 

designed f o r  e q u a l  p r o t e c t i o n  accord ing t o  t h e  r e l a t i o n s h i p s  o f  Ref. 1 .  I n  

b o t h  cases, no p e r f o r a t i o n  was observed. 

Qua n t i t a t i ve Ana 1 y s i s 

The prev ious  s e c t i o n  o f  t h e  paper has presented a d i s c u s s i o n  o f  some 

o f  t h e  p r i n c i p a l  q u a l i t a t i v e  observa t ions  o b t a i n e d  f rom t h e  r e s u l t s  o f  t h e  

i n i t i a l  f i r i n g s .  I n  a d d i t i o n  t o  e x p l o r i n g  and d e f i n i n g  t h e  phenomenological 

aspects  o f  impact i n t o  r a d i a t o r  tube c o n f i g u r a t i o n s ,  t h e  program a l s o  has 

as 

use 

des 

Pre  

t s  u l t i m a t e  o b j e c t i v e  t h e  genera t ion  o f  accura te  a n a l y t i c a l  r e l a t i o n s  f o r  

i n  design. Al though t h e  i n i t i a l  phase o f  t h e  program was no t  s p e c i f i c a l l y  

gned as a sys temat ic  paramet r ic  study, i t  was p o s s i b l e  t o  o b t a i n  some 

iminary  q u a n t i t a t i v e  i n f o r m a t i o n  f rom t h e  f i r i n g s .  

I t  was p o i n t e d  o u t  e a r l y  i n  the paper t h a t  a d e t a i l e d  mathematical 

formudat ion by which t o  a c c u r a t e l y  p r e d i c t  the  damage by a meteoro id t o  

space r a d i a t o r  c o n f i g u r a t i o n s  does n o t  e x i s t .  The t h e o r e t i c a l  approaches 

o f  Bjork,  Riney, Chou and others’  have made s i g n i f i c a n t  advances i n  t h e  

a n a l y t i c a l  approach; however, t h e  t reatments do no t  account i n  d e t a i l  f o r  

t h e  e f f e c t s  o f  increased t a r g e t  temperature, e f f e c t  o f  v a r i a t i o n s  i n  t a r g e t  

and p r o j e c t i l e  m a t e r i a l ,  impacts a t  angles o f  o b l i q u i t y ,  and t h e  s p a l l i n g ,  
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d impl ing,  o r  de laminat ing  o f  t h i n  and composite t a r g e t s .  A number o f  

e m p i r i c a l  r e l a t i o n s h i p s  have been o f f e r e d  i n  t h e  l i t e r a t u r e  (Refs, 1, 4, 

9 & 10) which do permi t  a t  l e a s t  an approx imat ion o f  t h e  depth o f  

p e n e t r a t i o n  which might  occur  under l i m i t e d  c o n d i t i o n s .  These r e l a t i o n s h i p s  

f o r  normal impact a r e  o f  t h e  form (Ref. 4 )  

K =  1.24X 

o r  f rom (Refs. 1 & 10) 

4e 
%P 

For o b l i q u e  impact, t h e  normal component o f  v e l o c i t y  i s  used i n  bo th  t h e  

above equations, t h a t  is ,  Pe(Cos  h ) 2 / 3 .  These r e l a t i o n s ,  however, were 

o b t a i n e d  from impact i n t o  t h i c k  f l a t  p l a t e  ta rge ts ,  and i t  i s  not  known 

t o  what e x t e n t  they  w i l l  be v a l i d  for  t u b u l a r  t a r g e t s .  

Some p r e l  im inary  c o r r e l a t i o n s  p e r t a i n i n g  t o  severa l  f a c t o r s  i n v o l v e d  

i n  t h e  above r e l a t i o n s  f o r  depth o f  p e n e t r a t i o n  have been e s t a b l i s h e d  from 

t h e  i n i t i a l  l i m i t e d  f i r i n g s .  These r e l a t e  t o  t h e  e f f e c t s  o f  t a r g e t  tempera- 

ture,  ang le  o f  impact, t a r g e t  m a t e r i a l  sur face  c u r v a t u r e  ( tube diameter) ,  

and l i n e r  th ickness.  I n  these p lo ts ,  t h e  va lues  o f  depth o f  p e n e t r a t i o n  

used a r e  t h e  va lues c o r r e c t e d  t o  a common v e l o c i t y  o f  25,000 f t / s e c  accord ing  

t o  t h e  2/3 power o f  t h e  v e l o c i t y  (designated by P"). I n  a d d i t i o n ,  o n l y  

p e n e t r a t i o n  va lues f o r  P / t a  l e s s  than . 7 5  were inc luded i n  o r d e r  t o  e l i m i n a t e  

" t h i n - t a r g e t "  e f fec ts .  Each data p o i n t  i s  i d e n t i f i e d  by i t s  corresponding 

t a r g e  t number 

Angle o f  impact. - The a v a i l a b l e  data on v a r i a t i o n  o f  depth o f  p e n e t r a t i o n  

w i t h  ang le  o f  impact a r e  shown i n  Fig. 24 f o r  cas t  aluminum tubes a t  two 

temperatures. The b e s t - f i t  v a r i a t i o n s  f o r  t h e  (Cos r e l a t i o n  a r e  a l s o  

shown i n  t h e  f i g u r e .  On t h e  bas is  o f  these a n a l y t i c a l  r e l a t i o n s ,  i t  was 
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p o s s i b l e  t o  normal ize  t h e  data w i t h  respect t o  P" a t h =  0 as shown i n  F ig ,  

25. I t i s  thus seen t h a t  t h e  data i s  v e r y  w e l l  represented by t h e  ( C o s h )  2/3 

r e l a t i o n ,  i n d i c a t i n g  t h e  s i g n i f i c a n c e  o f  t h e  normal component o f  v e l o c i t y  i n  

de termin ing  p e n e t r a t i o n  depth for the aluminum tubes. 

Target  temperature. - The a v a i l a b l e  i n f o r m a t i o n  on  v a r i a t i o n  o f  depth 

o f  p e n e t r a t i o n  w i t h  temperature fo r  normal impact f o r  i d e n t i c a l  c o n d i t i o n s  

i s  shown f o r  c a s t  aluminum t a r g e t s  i n  Fig.  26. The v a l u e  o f  P" f o r  normal 

impact was o b t a i n e d  by c o r r e c t i n g  f o r  ang le  o f  impact accord ing  t o  t h e  

  COS)^)^'^ r e l a t i o n  as s u b s t a n t i a t e d  i n  Fig. 25. According to  Eq. ( 1 )  depth 

o f  p e n e t r a t i o n  should v a r y  as ( l /~,$/~, and accord ing  t o  Eq. (2) t h e  v a r i a t i o n  

should f o l l o w  ( l /Y t )1 '30  

f u n c t i o n a l  v a r i a t i o n s  based on modulus o f  e l a s t i c i t y  and B r i n e l l  hardness 

number a r e  shown on t h e  figure., The data v a r i a t i o n  i s  seen t o  be reasonably 

descr ibed by b o t h  a n a l y t i c a l  r e l a t i o n s .  

The bes t  f i t  o f  t h e  exper imenta l  data f o r  t h e  

Sur face curvature.  - The ex is tence o f  a s u r f a c e  c u r v a t u r e  o r  tube r a d i u s  

e f f e c t  on depth o f  p e n e t r a t i o n  i s  s t r o n g l y  i n d i c a t e d  i n  Fig.  27, which p l o t s  

depth o f  p e n e t r a t i o n  f o r  normal impact a g a i n s t  r a t i o  o f  tube w a l l  th ickness  t o  

o u t e r  r a d i u s  f o r  aluminum and columbium tubes a t  700°F. The lower l i m i t i n g  

v a l u e  o f  t a / R o  = 0 corresponds t o  a f l a t  p l a t e  (zero curva ture) ,  w h i l e  

t a / R o  = 1 represents  t h e  upper 1 i m i t  o f  a so l  i d  cy1 i n d e r  (maximum c u r v a t u r e  

for  a g i v e n  th ickness) .  

p e n e t r a t i o n  depth a t  h i g h  va lues of t a / R o  corresponds t o  p r a c t i c a l  va lues o f  

tube inner  diameter (.SO in, and l e s s ) .  However, a l t h o u g h  no i n n e r  s u r f a c e  

damage was observed f o r  these h i g h  t a / R o  po in ts ,  i t  i s  no t  known whether a 

q u a n t i t a t i v e l y  comparable decrease i n  r e q u i r e d  t h i c k n e s s  w i  1 1  be observed 

f o r  t h e  avoidance of i n c i p i e n t  s p a l l  i n g  o r  d impl ing,  However, i t  i s  c l e a r  

i t  should be noted t h a t  t h e  r e g i o n  o f  f a l l  o f f  i n  
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from t h e  photographs o f  Figs.  19, 20, and 21 t h a t  a s u b s t a n t i a l  decrease 

i n  s p a l l i n g  and d i m p l i n g  can be expected f o r  reduced tube s ize ,  

The ex tens ion  o f  t h e  f a i r e d  curves through t h e  data p o i n t s  t o  t / R  = 0 
a o  

p e r m i t s  t h e  n o r m a l i z i n g  o f  t h e  data w i t h  respect  t o  f l a t - p l a t e  p e n e t r a t i o n  

(P" a t  t a / R o  = 0) a s  shown i n  Fig. 28. 

seen t o  f a l l  on e s s e n t i a l l y  t h e  same curve, i n d i c a t i n g  a p o s s i b l e  u n i f o r m  

e f f e c t  f o r  bo th  m a t e r i a l s .  However, t h e  establ ishment  o f  a general  e m p i r i c a l  

c o r r e c t i o n  r e l a t i o n  f o r  tube c u r v a t u r e  based on these l i m i t e d  data i s  con- 

s i dered premature. 

The aluminum and columbium tubes a r e  

Al though a good p r e l i m i n a r y  c o r r e l a t i o n  has been o b t a i n e d  on t h e  b a s i s  

o f  t h e  r a t i o  o f  w a l l  th ickness  t o  o u t e r  radius,  t h i s  may not  n e c e s s a r i l y  be 

t h e  most s i g n i f i c a n t  p h y s i c a l  parameter. I t  can be reasoned t h a t  t h e  s i z e  

o f  t h e  impact ing p r o j e c t i l e  p a r t i c l e  might  be s i g n i f i c a n t ,  and a r a t i o  o f  

p a r t i c l e  d iameter  t o  o u t e r  r a d i u s  might a l s o  be invo lved.  

Tube l i n e r  th ickness.  - The e f f e c t s  o f  v a r i a t i o n  o f  tube l i n e r  th ickness  

on depth o f  p e n e t r a t i o n  and i n n e r  sur face  d imple h i e g h t  i s  shown i n  Fig.  29 

for  aluminum armor - HS-25 l i n e r  combinat ions o f  cons tan t  t o t a l  weight  (armor 

t h i c k n e s s  decreases w i t h  i n c r e a s i n g  l i n e r  th ickness) .  Depth o f  p e n e t r a t i o n  i s  

seen t o  increase w i t h  i n c r e a s i n g  l i n e r  th ickness.  The reason f o r  t h i s  i s  n o t  

c l e a r .  

t h e  increased p e n e t r a t i o n  may be a " t h i n  t a r g e t "  e f f e c t ,  o r  t h e  e f f e c t  may be 

due to  t h e  i n t e r a c t i o n  o f  t h e  l i n e r  on t h e  shock v a r i a t i o n s  i n  t h e  armor. I t  

i s  a l s o  observed t h a t  depths o f  p e n e t r a t i o n  g r e a t e r  than t h e  armor th ickness  

Since t h e  t h i c k  l i n e r  shots  represent  va lues  o f  P / t a  g r e a t e r  than .75, 

can be o b t a i n e d  due t o  t h e  d i m p l i n g  o f  the  l i n e r .  

Dimpl ing o f  t h e  l i n e r  i s  seen t o  increase as l i n e r  

and for  some small  v a l u e  o f  l i n e r  thicknesses, the  dimp 

o c c u r s  ( the  u n l i n e d  tube showed cons iderab le  s p a l l i n g ) .  

th ickness  decreases, 

e b u r s t s  and s p a l l i n g  

As l o n g  as t h e  1 i n e r  
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i s  s u f f i c i e n t l y  t h i c k  t o  prevent  rupture,  i t  appears t h a t  t h e r e  i s  a s i z a b l e  ~ 

r i s k  o f  puncture, a t  l e a s t  f o r  t h e  l i m i t s  covered 

M a t e r i a l s  constant.  - The e s t i m a t i o n  o f  depth 

form o f  Eq. (2) i n v o l v e s  a m a t e r i a l s  cons tan t  d wh 

v a r i a t i o n  i n  l i n e r  th ickness  t h a t  can be used a t  f i x e d  t o t a l  weight  w i t h o u t  

n t h e  t e s t s .  

o f  p e n e t r a t i o n  u s i n g  t h e  

ch has been r e p o r t e d  t o  

n Ref. 1, $ i s  taken as 2.0, and i n  

t h e  i n i t i a l  phase o f  t h e  program can 

o f  t h e  a p p l i c a b i l i t y  o f  these constants .  

v a r y  f rom around 1.5 t o  2.5 (Ref. 1 1 ) .  

Ref. 1 0 ) x  i s  2.28. The data ob ta ined i n  

a l s o  be u t i l i z e d  t o  o b t a i n  an i n d i c a t i o n  

From equat ion  (2), f o r  a tube, we can w r  

P/JP 
t e  

V W A  % ?P (4( JYB \ (=  

where P/d i s  based on t h e  measured depth o f  p e n e t r a t i o n  i n  t h e  tube ta rge t ,  

P,(Po, i s  t h e  c o r r e c t i o n  f o r  tube sur face  c u r v a t u r e  e s t a b l i s h e d  i n  Fig. 28, and 

t h e  o t h e r  va lues  i n  t h e  denominator a r e  computed from m a t e r i a l  p r o p e r t i e s  and 

t e s t  c o n d i t i o n s  ( f o r  Ref. 1, 0 = 1/2; f o r  Ref. 12, 0 = 2/3). 

P 

Values o f  d were computed f o r  the  a p p l i c a b l e  data p o i n t s  as i n d i c a t e d  i n  

t a b l e  I I I  f o r  aluminum and columbium t a r g e t s .  For t h e  16 c a s t  aluminum targe ts ,  

t h e  average va lue  o f  15 was 2.27, i n  c l o s e  agreement w i t h  t h e  cons tan t  o f  

Reference 10. For t h e  columbium targets ,  however, t h e  c a l c u l a t e d  average 

va lues  were s u b s t a n t i a l l y  lower than t h e  equat ion  va lues  f o r  bo th  references. 

For t h e  equat ion  o f  Reference 1, 

t h e  equat ion  o f  Reference 13 (0 = 2/3), 

(0 = 1/2) c a l c u l a t e d  ‘6= 1.49; h h i l e  f o r  

?f - 1.79. 

S i m i l a r l y ,  t h e  cons tan t  K i n  equat ion ( 1 )  was c a l c u l a t e d  f o r  t h e  aluminum 

and columbium t a r g e t s  as i n d i c a t e d  i n  t a b l e  I l l .  For t h e  16 c a s t  aluminum 

t a r g e t s ,  t h e  average v a l u e  o f  K was 1.3OxlO-’, which i s  s l i g h t l y  h i g h e r  than 

t h e  cons tan t  proposed. For t h e  columbium ta rge ts ,  as before,  t h e  average 

v a l u e  o f  K = 1 . 0 3 ~ 1 0 - ~ ,  was s u b s t a n t i a l l y  lower than t h e  proposed constant.  
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The d i f f e r e n c e s  between t h e  values f o r  t h e  c a s t  aluminum and t h e  columbium 

a l l o y  t a r g e t s  suggests t h a t  t h e  d and K cons tan ts  cannot be taken as a s i n g l e  

v a l u e  f o r  a v a r i e t y  of t a r g e t  mater ia ls .  

few data  points ,  4, f o r  t h e  columbium t a r g e t s ,  and t h e  f a c t  t h a t  these t a r g e t s  

were heated i n  a i r  f o r  8 hours a t  700°F p r i o r  t o  impact and t h e r e f o r e  became 

ox id ized,  f u r t h e r  f i r i n g s  i n t o  columbium w i l l  be necessary t o  f i r m l y  e s t a b l i s h  

However, i n  v iew of  t h e  r e l a t i v e l y  

t h e  e x i s t e n c e  o f  t h e  d i f f e r e n c e s  i n  f a n d  K. 

The fo rego ing  r e s u l t s ,  i f  substant ia ted,  i n d i c a t e  a r e l a t i v e l y  sma 

depth o f  p e n e t r a t i o n  i n  columbium than p r e v i o u s l y  est imated. For examp 

d i f f e r e n c e  i n  depth o f  p e n e t r a t i o n  i n  aluminum and columbium c a l c u l a t e d  

accord ing  t o  Reference 1 may now be 35% smal ler .  However, t h i s  doesn ' t  

1 e r  

e9 

n e c e s s a r i l y  mean a t  t h i s  p o i n t  t h a t  t h e  armor t h i c k n e s s  (and consequent ly  

we igh t )  r e q u i r e d  t o  a v o i d  c r i t i c a l  damage ( s p a l l i n g  o r  d imp l ing)  w i l l  l i kewise  

be less.  F u r t h e r  t e s t s  w i l l  be r e q u i r e d  t o  e s t a b l i s h  whether such i s  indeed 

t h e  case. 

SUMMARY OF RESULTS 

An e x p l o r a t o r y  exper imental  i n v e s t i g a t i o n  o f  h y p e r v e l o c i t y  impact by 

g l a s s  spheres a t  approx imate ly  25,000 fps i n t o  columbium a l l o y  r a d i a t o r  tube 

t a r g e t s  and c a s t  aluminum t a r g e t s  w i t h  and w i t h o u t  Haynes 25- inner  l i n e r s  was 

conducted t o  e x p l o r e  e f f e c t s  o f  t a r g e t  temperature, ang le  o f  impact, l i n e r  

th ickness,  tube diameter, and t a r g e t  m a t e r i a l .  The major t e n t a t i v e  f i n d i n g s  

o f  t h e  i n v e s t i g a t i o n  based on t h e  p r e l i m i n a r y  data are:  

1. H y p e r v e l o c i t y  impact can c rea te  s p a l l i n g  and d i m p l i n g  o f  t h e  tube 

i n n e r  sur face i n  th icknesses s u b s t a n t i a l l y  g r e a t e r  than t h e  depth o f  t h e  

c r a t e r  on t h e  o u t e r  surface. S p a l l i n g  and d i m p l i n g  should t h e r e f o r e  be 

impor tan t  c o n s i d e r a t i o n s  i n  tube armor design. 
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2. S i g n i f i c a n t  d i f f e rences  between impact i n t o  tubes and p l a t e s  were 

observed. I n  general,  decreasing tube s i z e  ( inc reased su r face  cu rva tu re )  

below an I . D .  o f  around a h a l f  i nch  tended t o  reduce s p a l l i n g  and depth o f  

pene t ra t i on .  An advantage i s  i n d i c a t e d  i n  u s i n g  small  diameter tubes. 

3. The presence o f  a t h i n  Haynes-25 1 i n e r  on t h e  i n s i d e  o f  t h e  cas t  

aluminum armor tended t o  suppress s p a l l i n g  and p e r m i t  a g r e a t e r  depth o f  

p e n e t r a t i o n  w i t h o u t  puncture. However, cons ide rab le  dimpl i n g  can occur. 

V a r i a t i o n  o f  depth o f  p e n e t r a t i o n  w i t h  impact ang le  appeared t o  4. 

c o r r e l a t e  w e l l  w i t h  the  normal component o f  t h e  p r o j e c t i l e  v e l o c i t y .  

5. I nc reas ing  depth o f  p e n e t r a t i o n  w i t h  i n c r e a s i n g  t a r g e t  temperature 

up t o  700°F appeared to  c o r r e l a t e  wel l  w i t h  t h e  v a r i a t i o n  o f  v e l o c i t y  o f  

sound (modulus o f  e l a s t i c i t y )  and B r i n e l l  Hardness number i n  t h e  t a r g e t .  

6. A f t e r  us ing  c o r r e c t i o n s  f o r  r e a l  tube e f f e c t s ,  t h e  depth of 

p e n e t r a t i o n  i n  aluminum was i n  essen t ia l  agreement w i t h  the  p r e d i c t i o n s  o f  

seve ra l '  commonly used e m p i r i c a l  r e l a t i o n s .  However, t he  depth o f  p e n e t r a t i o n  

i n  columbium was s u b s t a n t i a l l y  lower than p red ic ted .  
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APPENDIX - SYMBOLS 

Bt  = B r i n e l l  Hardness No. o f  t a r g e t  

C t  = V e l o c i t y  o f  sound i n  t a r g e t  

d = Diameter o f  p r o j e c t i l e  

E = k i n e t i c  energy o f  p r o j e c t i  le, ergs. 

h = Dimple h e i g h t  

P 

P = depth o f  

P a =  depth o f  

P’k = depth o f  

ta = armor t h  

tl = l i n e r  t h  

penet r a  t 

penet r a t  

pene t r a t  

ckness 

ckness 

on i n  tube t a r g e t  

on i n  t h i c k .  t a r g e t  

on i n  tube t a r g e t  c o r r e c t e d  t o  25,000 f t / s e  

V = p r o j e c t i l e  v e l o c i t y  

Yt = t a r g e t  modulus o f  e l a s t i c i t y  

5 = m a t e r i a l s  cons tan t  i n  p e n e t r a t i o n  equat ion  

0 = exponent f o r  d e n s i t y  r a t i o  i n  p e n e t r a t i o n  equa t ion  

h = a n g l e  o f  impact (measured from t h e  normal) 

? = p r o j e c t i l e  d e n s i t y  

et = t a r g e t  dens i t y  

K = m a t e r i a l s  cons tan t  i n  Equat ion (2), cm ergs  

P 

-1/3 
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L i s t  o f  F igures 

Fig.  1 - Fin-and-Tube r a d i a t o r  

Fig.  2 - Impact C r a t e r  i n  Typ ica l  Radiator Section, Finned A1 Armor over  

HS-25 tube 

Fig.  3 - 0.22 ca l .  a c c e l e r a t e d - r e s e r v o i r  l i g h t - g a s  gun 

Fig. 4 - V e l o c i t y  and Impact Chambers 

Fig.  5 - Target Holder w i t h  Heater Elements 

Fig. 6 - B E W Sequence o f  a 1/811 G l a s s  Sphere Impact ing a Space 

Rad ia to r  Segment a t  23,000 fps. 

Fig.  7 - N o t a t i o n  f o r  Target  Damage Measurements 

Fig. 8 - Damage E v a l u a t i o n  Code f o r  Sect ioned Targets  

Fig.  9 - P r o j e c t i l e  S ize  Effects,  Aluminum With HS-25 L i n e r  Targets  

Armor Th i ckness 0. 4OO1l, L i n e r  Thi  ckness 0. 020" 

Fig.  10 - Target  Temperature Ef fec ts ,  R.T. and 700°F. .4O0l1 Aluminum 

Armor w i t h  .020" L i n e r  Targets. 1/811 Glass P r o j e c t i l e  @ 23,300 fps. 

Fig.  1 1  - Target  Temperature Ef fec ts ,  400 and 700°F. .4O0l1 Aluminum 

Armor w i t h  .0201' L i n e r  Targets. 3/32" Glass P r o j e c t i l e  @ 24,600 fps .  

Fig. 12 - Impact Angle Effects,  .500 I . D .  Aluminum, . 4 O O l 1  Thick, HS-25 L i n e r  

Fig.  13 - Impact Angle E f fec ts ,  .500t1 1.D.  Aluminum .4O0l1 Thick, HS-25 L i n e r  

Fig. 14 - Impact Angle E f fec ts ,  . 4 O O l 1  I .D.  Columbium .2001' Thick, No L l n e r  

F ig .  15 - I n t e r n a l  Tube Damage 

Fig.  16 - L i n e r  E f f e c t s ,  Aluminum Targets 

Fig.  17 - T y p i c a l  Impact C r a t e r  Section, Aluminum With HS-25 L i n e r  Target  

F ig .  18 - Armor-Liner I n t e r f a c e  Photomicrographs Reference Fig. 15 

Fig. 19 - Target  Radius Ef fec ts ,  Cb Targets  

Fig.  20 - Target  Radius Ef fec ts ,  AI Targets  
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Fig. 21 - Tube Radius Effects.  Aluminum Armor, .44611 T h i c k  No L i n e r  

Fig. 22 - Compar 

Fig. 23 - Compar 

Fig. 24 - V a r i a t  

Tubes. 

Fig. 25 - Normal 

Cast A 

son o f  Equal U n i t  Weight Aluminum and Columbium Targets  

son o f  Equal P r o t e c t i o n  Schemes (NASA Ref. 1 )  I .  D. Constant 

on o f  P e n e t r a t i o n  Depth Wi th Impact Angle. Cast Aluminum 

3/32" Glass P a r t i c l e  25,000 fps .  

zed V a r i a t i o n  o f  Depth o f  P e n e t r a t i o n  Wi th Impact Angle, 

umi num Tubes, 3/32" G 1  ass P r o j e c t  i 1 e 25,000 fps. 

F ig .  26 - V a r i a t i o n  o f  Depth of Penet ra t ion  w i t h  Target  Temperature. Cast 

Aluminum Tubes, Normal Impact. 3/32" Diameter Glass P r o j e c t i l e ,  

25,000 fps. 

Fig.  27 - V a r i a t i o n  o f  Depth o f  Penet ra t ion  Wi th Tube Radius. 700°F 

3/32" Diameter Glass P r o j e c t i l e ,  25,000 f p s  

Fig. 28 - V a r i a t i o n  o f  Normal ized Depth o f  P e n e t r a t i o n  Wi th Tube Radius 

700°F. 3/32" Glass P r o j e c t i l e ,  25,000 fps. 

Fig. 29 - V a r i a t i o n  o f  Depth o f  P e n e t r a t i o n  E Dimple He igh t  Wi th L i n e r  

Thickness. Cast Aluminum on HS-25 Equal Weight Conf igura t ions .  

3/32" Diameter P r o j e c t i l e ,  25,000 fps, 700°F. 

TABLES 

Tab le  I - Phase I F i r i n g  Schedule 

Tab le  I I  - Phase I ,  Data 

Tab1 e I I I - Comparison o f  M a t e r i a l s  Constant f o r  A1 umi nurn and Col umbi um 
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TABU3 1 PHASE I FIRING SC€EDULE 

EA1 = 356-T51 cast aluminum. Cb = coluniblum, l$ zirconium.] 

Test variables I Test conditions 

R.T., 400, 600, 700, 750° F I Temperature 

Impact angle- 
tube axis 
displaced 

Liner thick- 
ness, in. 

0, 30, 60, 75-80 deg 
R.T. and 700' F 

0, 0.020, 0.035, 0,044 
at 700° F 

Tube diameter, 0.125, 0.46, a l , O ,  %.5, 
In. Q) a t  700° F 

Material prop- 
ert ies  

Al vs equiv. mass of Cb 
Al vs equiv. prot. of Cb 
0.125 and 0.460 tube I.D. 

at 700° F 

Target 

7 

Al armor cast 
on Rs-25 l iner  

0.446-in. -thick AI. 
0.320-In, -thick Cb 

0.446-In. -thick Al 
0.202-in. -thick Cb 
0.320-in. -thick Cb 



TABLE 3 COMPARISbX 03 MATEXLAIS CONSTANT FOR ALUMTNUM AlVD COLUMBIUM W G E T S  

31 i.60 
37 1 .43  
40 1.94 
41 1.16 

Target  
no. 

1 
3 
5 
7 
9 

27 
38 
53 
54 
66 
69 
71 
79 
83 
84  
85 

0.819 0.685 
0.935 0.783 
0.770 0.645 1.23 
0.935 0.783 1.24 

Av. 1.49 1.79 

3.19 
1.79 
3 0  26 
1.35 
3.36 
3.00 
3.09 
1.68 
2.69 
3.35 
3.26 
3.90 
3.08 
3.26 
2.57 
2.70 

1.36 
0.764 
1.425 
0.762 
1.447 
1.16 
1.39 
0.624 
1.19 
1.35 
1.34 , 
1.64 
1.39 
1.80 
1.28 
1.28 

AV. 

-- 
Calculated 

7. 

-- 
2.34 
2.35 
2.29 * 
2.32 
2.59 
2.22 
2. '70 
2.26 
2.47 
2.44 
2-32 
2.22 
1.83 
2.01 
2.12 

2.27 

1. '79 

- 

Calculated 
(E/B c o s 2 - ~ ) ~ / ~  

I I I cp = 1/2 I rp = 2/3 I Cp = 1 / 2  I cp = 2/3 

Calculated 
K 

i.2.k;;o-3 

1 .00~10 '3  

1.57XJ-0-3 
1 . 2 ~ 0 - 3  

I.. 2 ~ 0 - 3  

1.37xlO-3 

1.25x10=3 

1.57)<10-3 

1.31x10-3 

1.28xl.O-3 
1 .14~10-3  
1.42xlO-3 
1 .25~10-3  
1 . 2 5 ~ 1 0 ' 3  

... 

1. m o - 3  

Calculated 
(E/B ~ 0 s ~ ~ )  213 

Calculated i 
I 
! K 

1 . 2 7 ~ 1 0 ' ~  ' 
1.03xl.O-3 

0 .82~10-3  
1 .03~10'~ 

i.00~10-3 
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F i g u r e  5. - Targe t  holder, wi.th h e a t e r  e l e m e n t s .  
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I r i  i y  
iw 0 1.1 SEC +l. 2 1.1 S E C  -1 .2  p SEC 

+2.5 ~1 SEC +6. 2 p SEC +11.1 u S E C  

.21.0 I.1 SEC ~ 3 3 . 4  u S E C  +44. 5 I.( SEC 

C - 6 3 9 i 6 - M  

F i g u r e  6 .  - B & W sequence of a 1/8" glass s p h e r e  impacting 
a space r a d i a t o r  segment at 23,000 ft/sec. 
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D.B.D. - I . D .  BELOW DIMPLE 
h - H E I G H T  OF D I M P L E  
P - CRATER DEPTH 

C. D. - CRATER DIAMETER 
t L  - LINER THICKNESS 

Figure 7. - Notation for target damage measurements. 



la 

TYPE 1 - WITH LINER 

l a  - C, N/D, N/S, N / P  
1b - C, W/D, N/S, N / P  

Id  - C, WID, I/S, N / P  
IC - C, W/D, A I S ,  N / P  

l e  - C, W/P 

TYPE 2 - WITHOUT LINER 

2a - C, N/D, N/S, N/P 
2b - C, W/D, N/S, N/P 
2c - C, W/D, I/S, N/P 
2d - C, W / P  

2a 

I. D. 
0. D. 
t L 
t A 
BHN 
R. T. 
TAD 
TAR 
00 

Inside Diameter (inches) 
Outside Diameter (inches) 
Liner Thickness (inches) 
Armor Thickness (inches) 
Brinell Hardness Number 
Room Temperature 
Target Axis Displaced (degrees) 
Target Axis Rotated (degrees) 
Flat Plate 

2c 

DAMAGE CODE NUMBER - 
C - Crater 
N/D - No Dimple 
W/D - With Dimple 
N/S - No Spa11 
I/S - inner surface Spa] 1 

N/P  - No perforation 
W/P - With Perforation 

- Armor internal Spa11 

C - 6 3  913 -M 

F i g u r e  8 .  - Damage e v a l u a t i o n  code f o r  s e c t i o n e d  t a r g e t s .  
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5 IN 

3 / 3 2 "  GLASS SPHERE 

NO PERFORATION 

PENETRATION = 0.31" 

c 

- 
L I N E R  DIMPLED v =23,250 ft/sec 

T = 715'F 

1/8" GLASS S P H E R E  

P E R F O R A T E D  

C -63912 -M 

Figure  9 .  - P r o j e c t i l e  s i z e  e f f e c t s ,  aluminum w i t h  HS-25 l i n e r *  
t a r g e t s .  Armor t h i c k n e s s  - .400, l i n e r  t h i c k n e s s  - .020. 



t 

12 
ROOM TEMPERATURE 

BHN=53 
PERFORATED 

GLASS SPHERE 
- 
v = 23,300 ft/sec 

700'F 

BHN=20 
PERFORATED 

C -63  91 7 -M 

F i g u r e  1 0 .  - T a r g e t  t e m p e r a t u r e  e f f e c t s ,  R.T. and 700' F .  .400 
a luninum armor with .020 l i n e r  t a r g e t s .  



T = 400°F 

BHN = 25 

dPND8 
elms 

T = 7 0 0 - F  

BHN = 20 
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68' FROM CENTER 
NO PERFORATION 
PENETRATION; 0 .13" 

3/32" GLASS SPHERE 

v = 24,450 ft/sec 
- 

- 
T = 700'F 

15' FROM CENTER 
NO PERFORATION 

PENETRATION; 0.34" 

C - 64 4 0 ii 

M 

F i g u r e  13. - Impact anglP e f f e c t s ,  .!100" I.D. aluminum .400" thick, 
with HS-25 liner. 



40' FROM CENTER 

NO PERFORATION 
PENETRATION;  . 150" 

12' FROM CENTER 

PERFORATED 

3/32" GLASS SPHERE 
- 
V = 25,650 ft/sec 

T = 700'F - 
C - 64 io4 

Figure 14. - Impact angle effects, .460 I . D .  columbium .200" thick, 
no liner. 



ALL COLUMBIUM 0.20" THICK WALL 
NO P E R F O R A T I O N  - I N T E R N A L  S P A L L  

3/32" GLASS SPHERE 

TUBE 1 .  D. 

0.40" AL. ARMOR, 0.02" HS-25 LINER 
NO P E R F O R A T I O N  - I N T E R N A L  D I M P L I N G  

1/8" GLASS SPHERE 

= .460" 
- 
v= 24,700 ft/sec 

T = 700'F - 
C-64 106 

Figure  15. - I n t e r n a l  tube  damage. Equal  weight  p e r  u n i t  
l e n g t h  of t ube .  



cu 
I w 

3 
0.40" Al. ARMOR 0.02" HS-25 LINER 0.47''  Al. ARMOR, NO LINER 
NO SPALL ON INSIDE SPALL ON INSIDE 

NO PERFORATION NO PERFORATION 
DIMPLE 

3/32" GLASS SPHERE 
= 24.650 f t  ' sec  

0 C-64 109 - 
T = 7 1 5  F 

F i g u r e  1 6 .  - L i n e r  e f f e c t s ,  aluminum t a r g e t s .  E q i i s l  a eight no- r ' - L  

u i i i t  l e n g t h  ot' t u b e .  



B 

SEE F'I( 

A 

INCHES 

Figure 17. - Typical impact crater section, aluminum w i t 1  
HS-25 liner t a r g e t .  

b 



ARMOR 
(356 Al .  1 

rl 

SECTION B (300X) 

/ 
DE LAMINA 'I 
O F  ARMOR, 
AND HS-25 

' ION 
BOND, 
TUBE 

SECTION A (120X) 

C -64108 

LINER 
/ (HS-25) 

Figur? 18. - Armor-liner interface photomicrographs- 
reference Fig. 15. 



BACK 

FRONT 

0.  320" THICK PLATE 0.320" THICK WALL. .460 I .  D. 

NO PERFORATION NO SPALL ON INSIDE 

i3.ZCK S P A L L  NO PERFORATION 

3 / 32" GLASS SPHERE 
- ,, q i ~  r n n  c e l - ~ r  
v = L?,>UU I L I  3 C L .  

- 0 
T = 700 F C - E 4 1 0 1  
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0. 465" THICK WALL, .420" 1 .  D. 0.446" THICK PLATE 
NO PERFORATION PERFORATED 

3/32" GLASS SPHERE - 
v= 25,000 ft/sec 

T = 700 F - 0 

C-64111 

F i g u r e  20.  - T a r g e t  r a d i u s  e f f e c t s ,  aluminum t a r g e t s  - no l i n e r .  
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32 
.460t1 I . D ,  .ZOO" THICK WALL 
A L L  COLUMBIUM 

PERFORATED 

.500" I .  D, . THICK WALL 
AL. ARhlOR. HS-25 LISEI< 

PENETRATION; .315"  

3,'32" GLASS SPHERE 
- 
v = 24,800 f t  sec 

C-64i02 - 
T = 700'F 

F i g u r e  22. - Cornparison of equal  u n i t  weight aluminum and columbium t a r g e t s .  



A L L  COLUMBIUM, 0 .320"  W A L L  0.40'' AL-0, 02" HS25 L I N E R  

PENETRATION;  .306" PENETRATION;  . 135" 

3/32" GLASS SPHERE 
- 
v = 24,500 ft/sec 

7 = 715°F C-64105 

F i g u r e  23. - Comparison of e q u a l  protection schemes ( N A S A  Ref. 1) 
I .D. constant. 
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.30 
l-i 
l-i cu 

' U)* 

I4 

.25 

.20 

. I O  

0 ROOM TEMP 
A 700°F 

Figure 24. - Variation of penetration depth 
with impact angle. Cast aluminum tubes. 
3/32" glass particle, 25,030 ft/sec. 
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a 
0 
i- 

E 
l- 
w 
Z 
W 
L 

- 
I .o 

.8 

.6 

.4 

.2  

0 

0 ROOMTEMP 
700° F 

IMPACT ANGLE, A, DEGREES FROM NORMAL 
F i g u r e  25. - Norm.slized v a r i a t i o n  of d e p t h  of 

p e n e t r a t i o n  w i t h  impact  a n g l e .  Cast aluminum 
t u b e s ,  3/32" g l a s s  p r o j e c t i l e ,  25,003 f t / s e c .  



.44 

.40 

.36 

.32 

.28 

200 400 600 800 I O 0 0  
.240 

TARGET TEMP, O F  
Figure 26. - Variation of depth of penetration with 

target temperature. Cast aluminum tubes, norms1 
impact 3/32" diam. glass particle, 25,000 ft/sec. 



.32 

.28 

.24 

.20 

J 6  
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a 12 

.08 
( 

A 6 9  

c OLU M B I U M 

)4 \ I 

.2 .4 ,8 I .o I .2 
CURVATURE PARAMETER, t,/Ro 

Figure 27. - Variation of deDth of Denetration with 
tube radius. 700° F, 3/32" diam glass particle, 
25,000 ft/sec. 
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I '  

.48 

:40 

W 

0 
I .32 

f 
0 .24 - 
v, 
Z 
W z 
13 . I 6  
- 

.08 

0 

,rARMOR THICKNESS 

75 
75 

L PENETRATION 

1 I I I 1 
.01 .02 .03 -04 .05 

LINER THICKNESS, IN. 
Figure 29. - Variation of depth of penetration and dimple 

height with liner thickness. 
equal weight configurations. 3/32" diam. particle, 
25 , 000 f t/sec , 700° F . 

Cast aluminum on HS-25, 

NASA-CLEVELAND, OHIO E-2161 


